hydrology as they control the amount of water that infiltrates into the soil and replenishes the water table [3] . Synthetic Aperture Radar (SAR) data were widely and successfully used for monitoring correlation function. Panciera et, al. [36] compared the performances of the IEM, Dubois and Oh 97 models by using fully polarized L-band airborne data (incidence angles between 24° and 38°) and in-98 situ measurements (mv between 5 vol.% and 39 vol.% and Hrms between 1cm and 7.6 cm) acquired 99 over the study area in southeastern Australia. At HH polarization, the three models simulated the 100 backscattering with almost similar accuracy, showing a mean error between the simulated and the 101 observed backscattering coefficients of about 1.6 dB in absolute value (standard deviation ʺstdʺ 102 about ±2.5dB). At VV polarization, the Oh model resulted to be more accurate than IEM and Dubois 103 models: the mean errors between the simulated and observed backscattering were equal to 4.5 dB
104
(std = ±2.0 dB), 1.7 dB (std = ±2.3 dB), and -0.4 dB (std=±2.4 dB) for IEM, Dubois, and Oh model,
105
respectively.
106
Several studies confirmed that the use of the calibrated correlation length, as proposed by
107
Baghdadi et al. [14] [15] [16] [17] [18] [19] is able to improves the performance of the IEM at both both HH and VV
108
polarizations [36] [37] [38] . Dong et al. [37] used the calibrated correlation length in the AIEM to simulate
109
SAR data in C-band. Results showing that the RMSE reduced from 3.1 to 1.7 dB at HH and VV
110
polarizations and from 31.0 to 5.1 dB at HV polarization. Panciera et al. [36] showed that the use of 111 calibrated correlation length decreases the errors on IEM simulation with a bias equal to about -0.3 112 dB (std about ±1.1 dB) at both HH and VV polarizations.
113
The aim of this study is to evaluate the most popular backscattering SAR models (Oh, Dubois, 
114
IEM, IEM_B, and AIEM) by using a wide range of SAR data and in-situ measurements. With the 115 arrival of Sentinel-1A and -1B satellites that provides free high resolution SAR data with 3 days 116 revisit time, several research teams work actually on developing methods for mapping soil 117 moisture using these Sentinel-1 data. Most of methods for soil moisture mapping are based on 118 using backscattering models for soil moisture estimates. The objective of our is study is to evaluates 119 the most commonly backscattering models using a wide dataset of SAR data and in situ 120 measurements acquired over numerous agricultural sites in France, Italy, Germany, Belgium,
121
Luxembourg, Canada and Tunisia. Thus, this study could be of a great importance for scientific 122 community since it help on understand backscattering models accuracy and performance for wide 123 range of soil surface conditions, acquired for several study areas through the world by numerous 124 SAR sensors. Never before haves been evaluated all these backscatter models together in the same 125 literature with such a wide dataset.these wide ranges of data using all these models together in the 126 same literature. In addition, this study is the first that evaluates the AIEM backscatter models using 
190
Oh et al.
[10] proposed a new expression for q to incorporate the effect of the incidence angle:
192 193
[11] again modified the expressions for p and q, and the following expression for the cross- 
Over bare soils in agricultural areas, the backscattering coefficient of the surface contribution 214 is expressed at HH and VV polarizations as: At cross polarization, the backscattering coefficient is as follows:
Where: 228 Gaussian :
IEM modified by Baghdadi (IEM_B)

229
Several studies reported important discrepancies between backscattering coefficients 
242
Lopt is computed at L-, C-, and X-bands using a Gaussian correlation function and it is 243 described as follows:
245
In X-band:
246
In C-band: (23) 247
In L-band:
248
Where  is in radians; Lopt and Hrms are in centimeters. Several studies showed that the use of 
Evaluation of the Dubois model
271
The evaluation of Dubois model was carried out for different scenarios using all data, per 272 radar wavelength, and by range of soil moisture, k Hrms, and incidence angle.
273
Using all data, the Dubois model over-estimates slightly the radar signal by about 1.0 dB in 274 HH polarization and under-estimates slightly the radar signal by about 0.7 dB in VV polarization 275 (Table 2 Figures 1 and 2) . RMSE is about 4.0 dB and 2.9 dB at HH and VV polarization, respectively 276 (Table 2 ). The analysis of the error according to each radar frequency band separately (L, C and X) shows an over-estimation in HH polarization, which is almost the same at L-, C-and X-bands correctly the radar signal in VV because the difference between real data and simulations is about 281 0.2 dB. The RMSE in HH is the same as at X-and C-bands, and is about 4.1 dB and decreases to 3.0 282 dB at L-band. In VV polarization, the RMSE increases with the radar frequency (2.5 dB at L-band, 283 2.8 dB at C-band and 3.1 dB at X-band).
284
The analysis of the error of the Dubois model according to the validity domain was studied by 285 range of surface roughness (k Hrms), soil moisture (mv) and incidence angle ( Table 2) (Table 2) .
293
Moreover, the evaluation of the Dubois model was carried out by range of soil moisture (mv).
294
Results show an overestimation in HH pol. by about 2.6 dB and a slightly underestimation in VV by 295 about 0.5 dB with mv-values lower than 20 vol.% (RMSE= 4.6 and 2.8 dB at HH and VV, 296 respectively) ( Table 2 ). In besides, the Dubois model correctly simulates the backscattering underestimation of the backscattering between 1.3 dB and 0.7 dB and RMSE of 2.8 and 2.6 dB for polarizations, respectively (Table 3) . Besides, the RMSE is of 2.4 dB at HH and 2.3 dB at VV pol.
346
Moreover, the other Oh versions overestimate the backscattering in both HH and VV polarizations 347 (between 0.9 dB and 1.5 dB) with similar RMSE between 2.6 dB and 2.8 dB. At HV polarization, the
348
Oh 2002 model slightly underestimates the backscattering by about 1.0 dB with a RMSE of 2.7 dB.
349
The estimates the backscattering by about 0.9 dB with RMSE of 3.8 dB.
354
The analysis of the error was studied by selecting two ranges of surface roughness (kHrms<2.0
355
and kHrms>2.0) ( 
Evaluation of the IEM
411
The IEM was tested on our dataset using both a Gaussian correlation function (GCF) and an 
415
Using all data, the IEM simulates the backscattering in HH polarization with an RMSE of 10.5 416 dB and 5.6 dB for GCF and ECF, respectively (Table 4) . At VV polarization, the RMSE is 9.2 dB for 417 GCF and 6.5 dB for ECF. At HV polarization, the RMSE is higher than 30.0 dB for both GCF and
418
ECF. Some points show a large discrepancy between the real data and the IEM simulations 419 performed using both ECF and GCF (Figures 6-11 ). In case of the ECF (figures 9, 10, and 11), these 
425
Altese et al.
[67], Zribi et al. [23, 68] , and Callens et al. [69] showed that in agricultural areas, the ECF 426 usually provides better agreement to real data than the GCF.
427
The results obtained in L-band show that the IEM simulates the backscattering in HH pol.
428
using both GCF and ECF with differences between real data and model simulations ranges between
429
-0.9 dB and +0.6 dB, with an RMSE of 3.6 dB for GCF and 2.9 dB for ECF (Table 4) . At VV with RMSE of 11.2 dB and 8.6 dB for HH and VV polarizations, respectively (Table 4 ). The RMSE is lower with ECF than GCF about 4.1 dB for HH and 4.9 dB for VV polarizations. At HV polarization,
437
the RMSE is higher than 25.0 dB using both GCF and ECF.
438
The results obtained in X-band show that the IEM simulates the backscattering with higher
439
RMSE than L-and C-bands, the RMSE in HH pol. being about 10.6 dB for GCF and 8.3 dB for ECF.
440
At VV polarization, the RMSE is 11.3 dB for GCF and 9.4 dB for ECF. At HV polarization, the IEM
441
simulates the backscattering with high RMSE which is larger than 54.0 dB using both GCF and ECF.
442
The analysis of the error was also studied according to the validity domain of the IEM (Eq. 10).
443
Inside the validity domain, the RMSE is larger than 11.5 dB for both HH and VV polarizations using
444
GCF. Better results were obtained using ECF, where the IEM correctly simulates the backscattering
445
at both HH and VV polarizations with differences between real and simulated data between -1.2 dB 446 and -0.9 dB with RMSE of 3.2 dB at HH and 3.7 dB at VV polarizations, using data concerning the 447 IEM validity domain. Outside the IEM validity domain, the IEM simulates the backscattering with 448 RMSE of 6.7 dB for HH and 3.1 dB for VV using GCF; wheras RMSE is 7.8 dB for HH and 9.4 dB for
449
VV polarization using ECF. At HV polarizations, model simulations show large differences from 
461
As a conclusion, we could say that the IEM better simulates the backscattering in L-band than in C-and X-bands. Moreover, the results show a better fitting with real data using ECF instead than 
Evaluation of IEM modified by Baghdadi (IEM_B)
500
The IEM_B was also tested on our dataset. This model version was run using GCF (Figures 12,
501
13 and 14). In comparison to the original IEM, results show that the RMSE was significantly lower.
502
Using the entire dataset, the IEM_B correctly simulates the backscattering at both HH and VV
503
polarizations showing low differences between real data and model simulations (-0.3 dB for HH 504 and +0.1 dB for VV) with approximately similar RMSE of about 2.0 dB (Table 4) 
Evaluation of the Advanced Integral Equation Model (AIEM)
536
The AIEM was tested on our dataset at HH and VV polarizations using both GCF and ECF. For 537 all data, the AIEM simulates the backscattering at HH and VV polarizations using GCF with RMSE 538 larger than 10 dB ( 
539
AIEM with real data using ECF (Figures 17 and 18) . Indeed, the AIEM tends to overestimates the 540 backscattering by about 2.3 dB at HH and 1.8 dB at VV (RMSE is 4.4 dB for HH and 3.8 dB for VV). Figures 15 and 16 show that some points show high discrepancies between the real 546 data and the AIEM simulations using GCF. Due to the high sensitivity to surface roughness of the 547 AIEM using GCF, these points correspond mainly to surface with kHrms<3, L>4 cm and >35°.
548
The performance of the AIEM was also evaluated for each SAR wavelength. Results show that 549 in L-band the AIEM simulates the backscattering with RMSE of about 5.0 dB at both HH and VV
550
polarizations using the GCF. In C and X-bands, the AIEM using GCF simulates the backscattering
551
with RMSE higher than in L-band (RMSE>11 dB). Moreover, AIEM better simulates better the 552 backscattering in using GCF than ECF for all wavelength (RMSE about 4 dB).
In conclusions, the AIEM is able to better simulate better the backscattering than the original 
586
Luxembourg, Canada and Tunisia) characterized by large variety of climatological conditions and 587 using SAR sensors in L-, C-and X-bands with incidence angle between 18° and 57°.
588
Results show that the IEM modified by Baghdadi (IEM_B used the empirical correlation length 589 instead of measured correlation length) provides the most accurate SAR simulations (bias lower 590 than 1.0 dB and RMSE lower than 2.0 dB) with slightly better performance in X-band (RMSE=1.8 591 dB) than in L-and C-bands (RMSE between 1.9 and 2.3 dB). At HV polarization, the IEM_B was
592
only run at C-band. Results show that the RMSE strongly decreases from values higher than 25.1 593 dB, using the original IEM, to 3.1 dB, using IEM_B. In contrast, high RMSE were found using both correlation function and exponential correlation function). The AIEM better simulates the 601 backscattering than the original IEM only using the exponential correlation function with slightly
602
better results in X-band than in C-and L-bands. In contrast, the IEM simulates better the 603 backscattering in L-band than C-and X-bands (Table 4) .
604
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